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An open chest dog heart with multiple coronary ligations
was used to define the temporal and spatial character-
istics of injury evolving during regional ischemia. With
the use of a multiple (40 sample) biopsy device, adjacent
transmural biopsy specimens were obtained from the
transition zone between normal and ischemic tissue after
S, 30, 45, 60 and 120 minutes of ischemia. The first 1.8
mm of epicardial tissue was taken for the analysis of
flowand metabolites. The results confirmed the existence
of a sharp interface of flow and metabolism in the epi-
cardial lateral plane at the boundary of the ischemic
zone. There was no significant zone of intermediate in-
jury (flow and metabolism being depressed uniformly
throughout the ischemic area).
Comparison of the distribution of flow determined
A zone of regional ischemia originating from the occlusion
of a coronary artery undergoes a continuum of injurious
changes, which, although initially reversible, eventually be-
come irreversible and leads to cell death. The reversibility
of early ischemic injury, and the presumption that certain
areas of the ischemic mass are less severely damaged than
others, has led to the concept that appropriate interventions
can reduce injury and salvage cells that might otherwise
have died ( 1-8) . However, the concepts of " border zones"
of injury. tissue salvage and infarct size reduction are the
subjects of intense debate at the present time (9- 30) . Re-
cently, using the in situ dog heart with regional ischemia.
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by radiolabeled gadolinium-IS3 at onset ofischemia with
that indicated by radiolabeled tin-I 13 microspheres given
at the end of various periods of ischemia revealed no
change in the position or steepness of the flow interface
at any time during the first 2 hours of ischemia. This
observation, together with the absence of any major re-
distribution or enhancement of residual flow to the isch-
emic zone, indicated that there was little or no significant
collateralization between 5 and 120 minutes. Analysis of
the adenosine triphosphate (ATP) content revealed a rapid
depletion during the first 5 minutes of ischemia; the
content then remained essentially unchanged until 30
minutes, after which time a second phase of accelerated
ATP depletion was observed until 45 minutes. ATP con-
tent then remained relatively constant up to 2 hours .
we demonstrated a sharp interface of injury with normal
tissue lying adjacent to severely ischemic tissue (26). Al-
though this study was restricted to 30 minutes of ischemia,
a single species and the lateral plane of the epicardial tissue,
the absence of a "border zone" raised some critical ques-
tions in regard to current concepts of tissue protection (25).
Although the absence of a zone of intermediate injury
and our observation of a relatively homogeneous reduction
of fl ow throughout the ischemic mass make it difficult to
envisage how therapeutic agents might laterally shrink the
physical dimensions of an infarct, a number of possibilities
exist. First, it is conceivable that the location of the sharp
interface could migrate inward (tissue salvage) or outward
(infarct extension). Although the discrete nature of the anat-
omy of the coronary beds would make this seem unlikely,
the involvement or salvage of one or more coronary beds
from an area of risk (comprising several adjacent but distinct
coronary beds) may possibly lead to " jumps" of interface
location. Alternatively , selective collateralization during the
phase of reversible injury might lead to salvage of discrete
areas of tissue. Finally, nonuniform rates of development
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of ischemic injury in different parts of the affected area
might also provide for selective tissue salvage.
In an attempt to consider these problems. we have used
the dog heart in situ together with a multiple biopsy pro-
cedure to address four basic questions: I) What is the nature
of the lateral epicardial interface between normal and isch-
emic tissue at various times after the onset of ischemia? 2)
Does this lateral interface of injury move with time? 3) Is
there any significant or selective development of collateral
flow during the critical first 2 hours of ischemic injury? 4)
Is the developmentof tissue injury, as assessed by a number
of metabolic factors, relatively uniform throughoutthe isch-
emic area and are the changes linear with time; that is, can
any critical acceleration or transition point of injury be de-
tected that may possibly be associated with the onset of
irreversible damage?
Methods
Surgical procedures. Studies were performedusing 20
greyhound dogs (20 to 30 kg) of either sex. After anesthesia
with 20 mg/kg thiopentone sodium intravenously. the ani-
mals were intubated and the respiration controlled using a
mixture of oxygen and nitrous oxide. Anesthesia was then
maintained with 0.5 to 1.0% halothane as required. A left
thoracotomy was performed and the heart was exposed and
retained securely in a pericardial cradle. Throughout the
entire experiment, heart rate, systolic pressure, diastolic
pressure and electrocardiographic activity were recorded.
Blood gases and pH were monitored and kept within the
normal range.
Regional myocardial ischemia was generated by expos-
ing and ligating between two and four adjacent branches of
the left anterior descending coronary artery. After ligation,
the chest was temporarily closed to prevent any surface
myocardial cooling.
Regional blood flow determination. Temporalchanges
in regional myocardial blood flow were assessed by the use
of two species of radioactive microspheres. Immediately
after coronary artery ligation, 4 X 106 gadolinium-I53 la-
beled micropheres (10 ± IJ,t) were administered through
the left atrium. After a defined period of ischemia, and
immediately before biopsy, a second batch of 4 x 106
microspheres (10 ± IJ,t) with a different radioactive label
(tin-I 13) was administered, again through the left atrium.
At the time of administration of each microsphere batch, a
reference blood sample (25 ml) was withdrawn from the
femoral artery using a pump over a period of I minute. All
microspheres were prepared and administered according to
the details and precautions described by Lubbe et al.(32).
The radioactivity of both the tin-I 13 and the gadolinium-
153-labeled microspheres in each reference blood sample
and in weighed tissues obtained at the time of biopsy were
measured using a gamma counter.
Blood flowlg of myocardium was calculated using the
formula: MBF = RBF x Cm/Cr, where MBF = mean
blood flow in the sample of myocardium (mllg dry weight
per min), RBF = reference flow collected at the femoral
artery (mllmin), Cm = radioactivity in the sample of myo-
cardium and CR = radioactivity in the reference blood
sample. All results for the blood flow measurements were
expressed as a percentof the normal flow measured in biopsy
specimens obtained from an area of known normalperfusion
remote from any ischemic zone.
Multiple biopsy sampling. Simultaneous multiple bi-
opsy was carried out using a high velocity nonrotating cut-
ting matrix that retrieved 40 contiguous 4 x 4 mm trans-
mural biopsy specimens from a 20 x 32 mm area of tissue
(32,33). After a specified duration of ischemia (5. 30,45,
60 or 120 minutes), the chest was reopened to expose the
heart. After administration of microspheres, the biopsy cut-
ter was placed directly over the epicardial surface and po-
sitioned to retrieve both normal and ischemic tissue: that is,
the area undergoing biopsy spanned the interface between
normal and ischemic tissue. After firing , the cutting matrix
was withdrawn and immersed in thawing dichlorofluoro-
methane (- 135°C). the entire procedure from fi ring to
freezing taking less than 2 seconds. The cutting matrix con-
taining the tissue samples was then lyophilized for 48 hours,
after which time the biopsy samples were removed for bio-
chemical and flow analysis (26,32,33).
Immediately after biopsy . the heart was excised and three
samples (approximately 500 mg) of nonischemic tissue were
removed from an area of left ventricle remote from the zone
of regional ischemia. These samples were also taken for
lyophilization.
Biochemical and flow analysis. After lyophilization in
the biopsy cutter, individual tissue samples were removed
from their chambers. the number. position and orientation
of each biopsy specimen noted and the outer 3 mm of tissue
(which, as a consequence of sample elongation, was equiv-
alent to 1.8 mm of epicardial tissue) cut from the transmural
biopsy specimen. This epicardial subfragment was weighed
and was then taken for metabolite extraction using 200 J,tl
6% vtv perchloric acid (26,33). After extraction and cen-
trifugation, the supernatant was taken for the analysis of
adenosine triphosphate (ATP) and lactate using microan-
alytical procedures (9). The pellet (containing all the mi-
crospheres in the tissue sample) was taken for radioactivity
measurement and thus the determination of flow (26,33).
Presentation and interpretation of the data. The me-
tabolite and flow results for biopsy specimens for each heart
for every ischemic time were individually interpreted from
data grids that contained all the results. These were con-
solidated into a linear array as previously described (27,
34). The results from the different dogs at each time point
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Results
Multiple biopsy specimens were obtained 5, 30, 45, 60
and 120 minutes after coronary artery ligation (n = four
dogs for each group) and were analyzed for flow, ATP and
lactate.
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Figure 2. Temporal and spatial characteristics of ischemic injury
as indicated by tissue lactate content The lactate content of epi-
cardial tissue samples spanning the interface between normal and
ischemic tissue in the dog heart after 5,30,45,60 and 120 minutes
(mins) of regional ischemia is represented. Each time block rep-
resents the consolidated lactate results for up to 160 biopsy spec-
imens obtained from four dogs for each time point The height of
each histogram block represents the mean lactate content (ex-
pressed in JLmolig dry weight) and the upper clear section repre-
sents the standard error of the mean. Note that because lactate
increases in ischemic tissue, this figure has been rotated 1800
relative to Figure I to provide maximal visual clarity. In contrast
to Figures I and 3, the ischemic biopsy segments are represented
by the rear three biopsy segments of each time block (still shown
as minus on the distance axis).
5
What is the Nature of the Interface?
Figures I, 2 and 3A reveal the nature of the interface
between normal and ischemic tissue for ATP, lactate and
flow (tin-I 13) at the end of each ischemic interval. In agree-
ment with our earlier studies (26), which were carried out
only after 30 minutes of ischemia, the present study shows
that a sharp interface characterizes the transition between
normal and ischemic tissue in the lateral epicardial plane
with no quantitatively significant "border zone" of inter-
mediate flow or metabolism at any of the time points studied.
ATP interface. Figure 1 shows the consolidated display
of the ATP content of 625 biopsy specimens taken from the
area spanning the interface between ischemic and normal
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Figure 1. Temporal and spatial characteristics of ischemic injury
as indicated by tissue adenosine triphosphate (ATP) content ATP
content of epicardial tissue samples spanning the interface between
normal and ischemic tissue in the dog heart after 5, 30, 45, 60
and 120 minutes of regional ischemia IS represented, Each time
block represents the consolidated ATP results for up to 160 biopsy
specimens obtained from four dogs for each time point The height
of each histogram block represents the mean ATP content (ex-
pressed in JLmolig dry weight) and the upper clear section repre-
sents the standard error of the mean. The Ischemic tissue is rep-
resented by the front three biopsy segments of each time block
(minus on the distance axis).
could then be combined and temporal profiles prepared to
enable the zone of change between the ischemic and normal
tissue to be easily identified and its position with time mon-
itored, All results are expressed as mean ± standard error
of the mean. Coronary flow values were measured and ex-
pressed as a percent of control obtained from remote sites
and metabolite content was expressed as JLmollg dry weight
(lyophilized). Results were calculated on a CDC 7600 main-
frame computer using a statistical package for social sci-
ences (version 7.0).
664 YELLON ET AL
TEMPORAL AND SPATIAL FEATURES OF REGIONAL ISCHEMIA
JACC Vol. 2. No.4
October 1983 66 1- 70
5 minutes of ischemia; 18.5 ± 0.8 and 16.1 ± 1.2 after
30 minutes; 10.9 ± 1.6 and 14.1 ± 1.4 after 45 minutes;
12.3 ± 1.2 and 14.9 ± 1.7 after 60 minutes; and ll .5 ±
1.6 and 12.6 ± 1.6 after 120 minutes of ischemia,
respectively.
The AT? content of biopsy specimens immediately ad-
jacent to and either side of the interface did not differ
signific antly from those obtained at more remote locations.
Thu s, in the noni schemic tissue , the ATP content (in JLmoll g
dry weight ) of biop sy speci mens with centers 2 mm from
the interface was 26.7 ± 0.6 after 5 minut es of ischemi a;
25.5 ± 0.8 after 30 minut es of ischemia; 23.9 ± 0.9 after
45 minutes of ischemia; 24.0 ± 0.9 after 60 minutes of
ischemia; and 24.3 ± 0.8 after 120 minutes of ischem ia.
On the ischem ic side of the interface, the corresponding 2
mm values in JLmollg dry weight were 21.9 ± 1.0 after 5
minutes; 19.0 ± 0.8 after 30 minutes; 14.9 ± 1.4 after 45
minutes; 15.1 ± 1.3 after 60 minutes; and 12.4 ± 1.5 after
120minut es. These results therefore confirm that at all times
up to 2 hours of ischemia there is not a progressive change
in ATP content but a sharp decrease within the zone spanned
by the two biopsy specimens at the interface .
Lactate interface. Figure 2 shows the consolidated re-
sults for the lactate content of 582 biopsy speciments . Bi-
opsy spec imens retri eved from tissue taken from the non-
ischemic zones located 6 and 10 mm beyond the interface
had low lactate contents (in JLmol/g dry weight) of 11 .9 ±
Figure3. Temporal and spatial characteristics of ischemic injury
as indicated by coronary flow. Representation of flow distribut ion
patterns in epicardial tissue samples spanning the interface between
normal and ischemic tissue in the dog heart (A) after 5, 30, 45,
60 and 120 minutes (mins) of regional ischemia as assessed by
tin-113 microsphercs given at the end of ischemia; and (B) at the
onset of ischemia in each group as assessed by gadolinium- IS3
microsphere s given at the beginning of ischemia . Each time block
represent s the consolidated flow results (expressed as a percent of
that measured in remote nonischemic tissue) for up to 160 biopsy
specimens obtained from four dogs for each time point. The height
of each histogram block represents the mean flow value and the
upper clear section represents the standard error of the mean. The
ischemic tissue is represented by the front three biopsy segments
of each time block (minus on the distance axis).
tissue after various time periods after the onset of ischemia .
The important feature of these results is that at all times the
transition from normal to ischemic tissue is characterized
by an abrupt decrease in ATP cont ent. Biopsy specimens
retrieved from tissue that was essentially nonischemic (that
is , blood flows of greater than 70% of control) and located
6 and 10 mm beyond the interface had norm al ATP contents
(in JLmo)/g dry weight) of 25.1 ± 1.0 and 26. 1 ± 1.4 after
5 minute s of ischemia; 26.9 ± 0.7 and 25.7 ± 0.7 after
30 minute s; 22.9 ± 1.0 and 24.4 ± 0.9 after 45 minutes;
25.4 ± 1.0 and 22.5 ± 1.2 after 60 minut es; and 26.2 ±
0.9 and 25.7 ± 0.7 after 120 minut es of ischemia, respec-
tively. Biopsy specimens obtained from the severely isch-
emic tissue (that is . blood flow reduced to 30% or less)
located 6 and 10 mm inside the interface had ATP contents
(in JLmol/g dry weight) of 17.5 ± 1.5 and 17.1 ± 1.8 after
120
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1.7 and 8.1 ± 1.5 after 5 minutes of ischemia; 8.5 ± 1.2
and 7.3 ± 1.2 after 30 minutes; 9.2 ± 2.2 and 9.5 ± I.S
after 45 minutes; 8.9 ± 1.0 and 7.7 ± 1.9 after 60 minutes;
and 6.7 ± 0.7 and 6.7 ± 0.9 after 120 minutes, respec-
tively. Biopsy specimens obtained from severely ischemic
tissue located 6 and 10 mm inside the interface , had high
lactate contents (in p.mol/g dry weight) of 26.4 ± 2.2 and
29.3 ± 3.2 after 5 minutes of ischemia; 27.4 ± 5.3 and
54. 8 ± 10.0 after 30 minutes; 62.8 ± 17.3 and 47 .9 ±
7.1 after 45 minutes; 42.5 ± 7.6 and 53.3 ± 9.4 after 60
minutes; and 24.8 ± 4 .6 and 28.2 ± 7.1 after 120 minutes,
respectively.
As with ATP, the lactate content in biopsy specimens
located immediately adjacent to the interface did not differ
significantly fro m those obtained at more remote locations
within their respective zones ; however, lactate values in
biopsy specimens on the ischemic side of the interface tended
to be somewhat lower than those located deep within the
ischemic zone. This observation may reflect the ability of
lactate (in contrast to ATP) to diffuse from the interface
region to the normal tissue where it can be cleared (27). In
the nonischemic tissue , the lactate content (in p.moll g dry
weight) of biopsy specimens immediately adjacent to the
inter face was 11.0 ± 1.0 after 5 minutes; 9.8 ± 1.1 after
30 minutes; 14.3 ± 2. 6 after 45 minutes; 15.4 ± 1.6 after
60 minutes; and 9.4 ± 1.0 after 120 minutes; whereas in
the ischemic side of the interface , the corresponding values
were 30. 1 ± 2.7 after 5 minutes; 20.9 ± 3.3 after 30
minutes; 42.1 ± 11.3 after 45 minutes ; 33.4 ± 4.4 after
60 minutes; and 26 .7 ± 3.9 after 120 minutes , respectively.
Thus, it can be seen that for lactate at all ischemic intervals
there was an abrupt change in tissue content as the sampling
site moved across the zone of change from normal to isch-
emic tissue.
Flow interface. Because flow is the determinant of me-
tabolism, it is not surpr ising that the profiles for regional
flow transitions measured at the end of each ischem ic period
(Fig. 3A) , were consistent with those seen with ATP and
lactate . Thus, at each time period , the transit ion between
ischemic and nonischemic tissue was characterized not by
a progressive gradient but by a sharp interface of flow . These
flow results are discussed in more detail in the next section.
Does the Interface Migrate With Time?
Time-flow profiles. Figure 3B shows the time-flow pro-
files for all hearts based on the measurement of gadolinium-
153 microspheres, that is, the distribution of flow as mea-
sured immediately after coro nary artery ligation. Figure 3A
shows the profiles obtained in the same biopsy specimens
measured (tin-I 13) after the period of ischemia (5 to 120
minutes) has elapsed, that is, ju st before biopsy. These
results again demonstrate the sharp interface between the
normal and ischemic tissues, irrespective of whether the
flow is visualized at the beginning or at the end of ischemia.
Flow distribution profiles. Comparison of these flow
distribution profiles, measured at the beginning and end of
ischemia for each time point , reveal s that the results are
essentially similar, indicating that in the absence of any
therapeutic interventions there is no major change in the
shape or position of the lateral flow interface during the first
2 hours of ischemia. To confirm this point and ascertain
whether there had been any redistribution of flow at any
time during the 2 hour period of experimental myocardial
ischemia, we carried out a paired analy sis for flow at each
time point in each biopsy specimen . This was achieved by
comparing the value for flow measured after the initial mi-
crosphere inject ion (gadolinium- I53) with flow measured
after the second microsphere (tin- I 13) injection at the end
of each ischem ic period for each biopsy sample.
Figure 4 shows a plot of the percent flow as calculated
from the gadolin ium-IS3 microspheres against the percent
flow calculated from tin-113 microspheres for each of the
biopsy specimens obtained from the four dogs subjected to
120 minutes of ischemia. Several interpretations can be
derived from this graph. First , the slope is 0 .95, which is
very close to the theoretical value of 1.0 (which would be
expected if there was a perfect correlation between all count s
in all biopsy specimens) . The intercept was not significantly
(probability [p] > 0.3) different from zero and the corre-
lation coefficient (r) was 0.92. Therefore, the overall inter-
pretation would be that no major redistributi on of flow had
occurred within the biopsy samples.
Comparison of high and low flow zones and interface.
It is possible to gain further information from Figure 4 when
one considers that it is essentially a composite of results
from three zones- nonischemic tissue remote from the in-
terface (high flow values), ischemic tissue remote from the
interface (low flow values) and tissue obtained from the
interface region. In the third group, intermedi ate flow values
would be expected either from true border zone tissue or,
as our interp retation would favor , mixed tissue , such that a
sharp flow interface passes through some biopsy specimens
giving a sample containing both ischemic and nonischemic
tissue. Consideration of each of these three zones in Figure
4 can provid e information about the nature and direction of
any net redistribut ion of flow. Superimposed on Figure 4
are three zones arbitrarily dividing flow into above 70%,
below 30% and intermediate between these two .
Considering firs t the lowflow segment , the result confirm
that flow rarely falls to zero with most points lying between
10 and 25%. Of the 45 points in this sector, 5 exhibited
lower than expected tin-I 13 counts while 37 exhibited higher
than expect ed counts. This indicates an overall (but small)
increase in flow at the end of the 2 hour ischem ic period in
the severely ischemic zone. This trend is confirmed in Table
I; however, this 12% increase did not achieve a level of
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Figure 4. Correlation of flow measured at the beginning
(gadolinium-I53 microspheres) and at the end (tin-I13
microspheres) of 120 minutes of ischemia. The radio-
active counts (expressed as a percent of that found in
remote nonischemic tissue) for gadolinium-I53 plotted
against tin- I13 for each biopsy specimen (n = 123)
retrieved from four dog hearts after 2 hours of regional
ischemia. Thedotted line represents the theoreticalslope
of 1.0 and the dashed line I standard error of the mean.
The solid line represents the actual line produced by the
data (slope = 0.95, correlation coefficient = 0.92).
Arrows A and B represent the direction in which the
points in the intermediate flow sector would be expected
to migrate if there was tissue salvage (higher tin-11 3
activity) or injuryextension (lower tin-1 13activity). In-
termediate flowis arbitrarilydesignatedasbeing between
30 and 70% of control.
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statistical significance. Even if it had been significant. this
relatively small change would have been unlikely to influ-
ence the ultimate fate of this tissue.
Considering the high flow segment , there would appear
to be a fairly even distribution of flow with no evidence for
redistribution over the 2 hour period. The occurrence of
several samples with a flow in excess of 100% might indicate
that we had obtained some tissue from a zone of hyperfusion
that is thought to surround the tissue, and if this is the case
then the distribution of the points would indicate that this
Table 1. Regional and Temporal Coronary Flow Characteristics
(mean percent flow in all ischemic biopsy specimens)
Duration of Onset of End of
Coronary Ischem ia Ischemia
Ligation (min) (Gado linium- I53) (T in- I 13) p Value
5 * 26.5 ± 1.9
30 25.7 ± 2.7 2 1.5 ± 2.0 > 0 .10
45 20 .9 ± 27 21.6 ± 2.7 > 0 . 10
60 19.3 ± 2.0 19.9 ± 2. 1 > 0 .10
120 19.9 ± 3.2 22 .5 ± 2.4 > 0.10
Combined 21.6 ± 1.3 22 .7 ± 1.0 > 0.10
times
*In the 5 minute Ischemia series , only a single injection of microspheres
(tin-I 13) was given.
Anal ysis of mean flow values obtained with gadolimum- 153 (admin-
istered at onset of ischemia) and tin-I 13 (administered at end of ischem ia)
microspheres in both ischemic and normal tissue after van ous dura tions
of ischemia. The mean and standard error of the mean for each group IS
indicated as the probability (p) value for a comparison of the two flow
values for each time point in each tissue.
zone is maintained throughout the 2 hour period of ischemia.
The most interesting and informative zone is that between
30 and 70% flow, which is the region that would contain
any border zone tissue if it existed. It is important to note
that there are relatively few samples in this wide range (16%
of the total points in Fig. 4). This provides further evidence
for a sharp interface . The samples that are in this zone
remain relatively evenly distributed above the theoretical
slope; this is an important point because it is in this zone
that any time-related movements of interface location (and
hence tin:gadolinium ratios) would be most likely to be
detected. Tissue salvage, or movement of the interface into
the ischemic zone, would be indicated by a migration of
points in the direction of the arrow marked A (displacement
of points to the right), whereas injury extension should lead
to a migration of points in the direction of the arrow marked
B (displacent of points to the left). Figure 4 provides no
evidence for such movement . although it must be conceded
that there are relatively few points to assess. In view of this
last point. Figure 5 shows the correlation between tin and
gadolinium radioactivity for 474 biopsy specimens obtained
from all dogs after all ischemic intervals. The interpretation
remains unchanged with a slope of 0.92 and a correlation
coefficient of 0.87 and no evidence of a major migration of
points in the intermediate flow sector in either the salvage
or extension direction.
Development of Collateral Vessels
Further analysis of Figure 3 and Table I reveals that in
all hearts. flow in the ischemic area is reduced to 21.6 ±
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Figure 5. Correlation of flow at thebeginning (gadolinium-
153 microspheres) and the end (tin-I13 microspheres) of
various intervals (5 to 120 minutes) of ischemia, The ra-
dioactive counts (expressed as a percent of that found in
remote nonischemic tissue) forgadolinium-I 53plotted against
tin-113 for each biopsy specimen (n = 474) retrieved from
20 dog hearts after various periods (5, 30,45,60 and 120
minutes) of regional ischemia. The dotted line represents
the theoretical slope of 1.0 and the dashed line I standard
errorof the mean, The solid line represents the actual line
produced by the data(slope = 0.92, correlation coefficient
= 0.87). Arrows A and 8 represent the direction In which
thepoints inthe intermediate flow sector would beexpected
to migrate if there were tissue salvage (higher tin-113 ac-
trvity) or injury extension (lower tin-I 13 activity). Inter-
mediate flow IS arbitrarily designated as being between 30
and 70% of control.
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1.3% (n = 250) of control immediately after coronary artery
ligation; the corresponding value at the end of ischemia (tin-
113) was 22.7 ± 1.0%, indicating that there was no overall
increase in flow over the 2 hour experimental period, Within
certain groups, 30 and 120 minutes of ischemia, for ex-
ample, there was an indication of change in flow; however,
these changes never achieved a level of statistical signifi-
cance, Thus, because there is no significant increase in flow
greater than the value obtained at 5 minutes, it can be stated
that other than the opening of existing collateral channels,
which is likely to occur immediately after ligation, there is
no collaterization during 2 hours of ischemia, the time dur-
ing which patterns of reversible and irreversible injury are
likely to be established in this model of severe regional
myocardial ischemia,
ischemia, tissue ATP content decreased by 21% from its
normal value of 25.8 ± 0,5 fLmollg dry weight (n = 58)
to 19.5 ± 0,7 fLmol!g dry weight (n = 66) (p < 0.001).
During the following 25 minutes, there was no significant
(p> 0,10) further decline (ATP being 18.4 ± 0.5 fLmol/g
dry weight; n = 67) at this time. However, between 30 and
and 45 minutes, a second abrupt decline was observed,
during which time ATP decreased by a further 25% to 13.7
± 0.9 fLmol/g dry weight (n= 51) (p < 0.001), After this
time and up to 120 minutes of ischemia, tissue ATP content
remained essentially constantly depressed,
It is of interest that the second decline occurs at about
the time when irreversible injury is thought to occur in
n = number of tissue samples; SEM = standard error of the mean.
Table 2. Temporal Changes in Adenosine Triphosphate Content
(umol/g dry weight) in Normal and Ischemic Tissue
ATP Content (mean ± SEM)
Time Course and Transition Points of Injury
ATP content. In addition to revealing the spatial char-
acteristics of ischemic injury, Figures 1, 2 and 3A also show
the time course for any changes in tissue ATP, lactate and
flow over the 2 hour ischemic period of these studies, As
described in the previous section (Table I), the reduction
of flow with ligation was uniformly maintained throughout
the experimental period with no major temporal or spatial
shifts, ATP and lactate, however, exhibited some complex
changes. ATP, for example (Fig. 1, Table 2), decreased
from its control value of 25,8 ± 0.5 fLmollg dry weight by
approximately 50% to 12.2 ± 0.9 J,1mol!g dry weight. This
decline, however, was not linear but occurred in two distinct
phases, In the first phase, during the first 5 minutes of
Duration of
Coronary
Ligation
(nun)
5
30
45
60
120
Normal tissue
25.8 ± 0.5
(n = 58)
25,9 ± 0.5
(n = 73)
23.7 ± 0,5
(n = 51)
24.0 ± 0.6
(n = 69)
25.2 ± 0.5
(n = 76)
Ischemic TIssue
195 ± 0.7
(n = 66)
18.4 ± 0.5
(n = 67)
13.7 ± 0.9
(n = 51)
14.2 ± 0,9
(n = 54)
12.2 ± 0.9
(n = 60)
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n = number of tissue samples; SEM = standard error of the mean.
Table 3. Temporal Changes in Lactate Content (J.Lmollg dry
weight) in Normal and Ischemic Tissue
Duration of Lactate Content (mean ::!: SEM)
Coronary
Ligation (min) Normal Tissue Ischemic Tissue
Discussion
In this study using an open chest dog model with left
anterior descending branch ligation, four important obser-
vations were noted with respect to the spatial and temporal
nature of regional evolving myocardial ischemia: I) A sharp
interface between normal and ischemic tissue in the epi-
cardial lateral plane was confi rmed. 2) There was little or
no change with time in the position and sharpness of the
interface. 3) There was no major collateralization during
the time period studied. 4) Temporal analysis of ATP and
lactate profiles showed a significant change between 30 and
45 minutes of ischemia, which is possibly associated with
the onset of irreversible injury.
Sharp interface of injury between normal and isch-
emic tissues. With reference to the fi rst point we have
confirmed our earlier dog heart observation (26) and the
reports of others (10, 13-16, 18, 19,27) in various species,
that the transition between normal and ischemic tissue is
characterized by a sharp interface of injury in the lateral
plane of epicardium, whether assessed by flow or various
indexes of metabolism. In the present study, we extended
our previous investigations, which were only carried out
after 30 minutes of ischemia, to encompass various ischemic
time intervals ranging from 5 to 120 minutes. At each time
point, and for each index of injury, we found abrupt tran-
sitions at the interface with no evidence of any progressive
gradients of flow or metabolism or injury. It must be stressed
that these results apply only to the lateral plane of the ep-
icardial tissue. Transitions in the endocardial and midmy-
ocardial planes were not characterized. However, it would
be diffi cult to envisage a substantially different situation in
these tissue zones (25). Our results provide no information
on gradients in the transmural plane where the situation may
well be different; we are currently studying this in several
species.
In attempting to interpret the results of the present study,
it must be stressed that the model was oneof severe ischemia
generated by the total occlusion of several adjacent branches
of the left anterior descending coronary artery. In coronary
artery anatomy (25), such a model might be expected to
generateclearly demarcated areas of ischemia. In other spe-
cies or in the human subjects with partial occlusion or some
form of diffuse ischemic injury, this may not be the case.
However. many current concepts of treatment of the isch-
emic human myocardium are based on findings in the dog
heart with coronary artery ligation.
Position or sharpness of the interface does not change
with time. The second observation of our studies was that
the position or sharpness of the interface does not alter with
time. This can be seen clearly in the flow study where, in
the absence of any interventions, the flow interface did not
migrate in any direction throughout the 120 minute ischemic
period. The absence of any interface migration would be
consistent with current thoughts (25.37,38) on the discrete
nature of various coronary beds. If ischemic interfaces are
sharp (14,25) and do not migrate with time, then the ques-
tion arises as to how therapeutic agents, which have been
reported to limit or reduce infarct size, act. (3). Assuming
that sustained tissue salvage necessitates a substantial and
preferential increase in coronary flow on the periphery of
any area of regional ischemia, it may be necessary to pro-
pose mechanisms whereby these drugs can influence the
position of interfaces of injury.
No major coIIateraIization during earl y hours of isch-
emia. The third observation in our studies is that there is
a relatively constant level of residual flow in the ischemic
zone between 5 and 120 minutes of ischemia. This would
indicate that any preexisting collateral vessels open fully
during the firs t 5 minutes and that no major new collater-
alization occurs during the early hours of ischemia, because
28.6 ::!: 1.5
(n = 64 )
29.4 ::!: 3.2
(n = 68)
48 .8 ± 6.9
(n = 33)
41.8 ::!: 4 0
(n = 59)
26.2 ± 2.9
(n = 61)
10.7 ::!: 0.8
(n = 59)
8.6 ::!: 0.7
(n = 76)
12 .1 ::!: 1.6
(n = 20)
12.5 ::!: 1.0
(n = 66)
7.9 ::!: 0.6
(n = 76)
5
30
45
60
120
severe ischemia in this model (35). Furthermore, the bi-
phasic profile is very similar to that observed for the rat
heart where a critical threshold of 12 p.mollg dry weight
has been associated with an accelerated ATP depletion and
hasalso been linkedwith theonsetof irreversible contracture
(35).
Lactate content. In considering lactate content, low and
essentially constant levels were measured in nonischemic
tissue at all times throughout the 2 hour experimental period
(Fig. 2, Table 3). Significantly elevated lactate values were
found in all ischemic tissue at all times, even as early as 5
minutes after the onset of ischemia. In the ischemic tissue,
lactate increased to a peak value (48.8 ± 6.9 1-Lmollg dry
weight) after 45 minutesof ischemia and thereafterdeclined.
This transient stimulation of lactate production is consistent
with the known (37) ability of ischemia to stimulate and
then inhibit glycolytic activity. As with ATP content, 45
minutes of ischemia appeared to mark a critical turning point
in lactate metabolism.
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flow levels and distribution at 2 hours do not differ signif-
icantly from those seen at 5 minutes. The se findings would
be consi stent with the suggestions of Schaper et al. (39) and
others (40) and also confirm the probability that new col-
lateral growth is unlikely to occur before the onset of ir-
reversible injury in the affected tissue .
As stated earlier, the extrapolation of these results to the
human heart should be carried out with great caution . The
normal dog heart is often criticized in that it has an exten sive
preexi sting collateral supply (as indicated by the 10 to 20%
level of residual coronary flow found after the multiple
coronary artery ligations used in these studies) whereas the
healthy human heart, like the pig, has relatively few col-
lateral channels (42). However, the diseased human heart
is more likely to possess a significant collateral system and,
therefore, results in the dog heart may be of considerable
relevance . It may well be that significant differences in
collateral flow or other characteristics occur between dif-
ferent types of dog ; for example, the greyhound, as used in
these studies . exhibits a degree of hypertrophy. Thi s hy-
pertrophy may well make the greyhound more suitable as
a model because the human heart with ischemic heart disease
is often hypertrophied.
Significant changes in metabolism between 30 and 40
minutes of ischemia. The fourth aspect of our studies was
to characterize temporal changes of metab ol ism . Although
flow reduct ion remains con stant , metabolic indexes of in-
jury, such as tissue lactate and ATP content. exhibited com-
plex time-dependent changes . The alterations seen in the
current studies are con sistent with our knowledge of the
biochemistry of ischemia and serve to underline the im-
portance of defining not only the durat ion of elapsed isch-
emia but also its severity (degree of flow reduction) before
interpreting metabolite level s as indexes of injury. In this
connection, in our current studies with severe ischemia we
observed a significant acceleration of injury (ATP depletion
and deceleration of glycol ysis) approximately 45 minutes
after the onset of ischemi a. The se changes may well be
associated with the onset of irreversible myocardial injury.
and in any future studies with myocardi al protective agent s
it would be of interes t to see whether these biochem ical
threshold s can be altered. in add ition to investigating the
ability of agents to influence coronary flow distribution .
We gratefully acknowledge the assistance of Chn stme Bole... and Veronica
King.
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